As 3D display technologies are becoming more and more common in commercial, everyday usage, a special type of 3D known as projection-based light field displays is emerging as well. While holding many key characteristics such as field of view or angular resolution, traditional image resolution also plays a major role in the overall determination of user experience, similarly to 2D displays. The paper investigates the perceivable differences between display resolutions, and presents the acceptability of resolution degradation should it be visible. A total of 20 test participants provided subjective assessment in a series of pair comparisons between 5 resolutions for various stimuli. Beyond mean scores, the results are presented in terms of score distribution in this analysis, separately for each and every stimulus.
Introduction
Visual information is the primary source of information for humans, making displays crucial terminal devices in use today. While most of these displays can represent 2D (flat) images, displays with 3D capabilities are also available commercially. One can find 3D capabilities in televisions, mobile devices, and predominantly in cinemas. 3D perception is achieved by reproducing the binocular effect in the observer's eyes, coupled with motion parallax in more advanced displays. Autostereoscopic (glasses-free) displays can be implemented using various techniques, such as multiview displays based on lenticular lens sheets [1] or light field displays based on multi-projection [2] [3] [4] [5] .
Potential users of 3D displays rightfully expect to know what the capabilities of the displays are, like they know in case of 2D displays, described by metrics such as resolution, brightness or contrast. However, most of these metrics are not directly applicable to 3D displays, as the angular dependence of light color and intensity renders usual measurement methods useless, or at least how they shall be performed is unclear.
Our research studies the perception of image resolution of light field displays (projection-based light field displays in particular). The research question at hand is the perceivable difference between different resolutions for a given light field display and the subjective tolerance of resolution reduction. We performed a series of subjective quality assessment measurements, where the assignment of the human observers was to evaluate the alterations in still image quality (gained through varying resolution) in a pair comparison task.
The paper is structured as follows: Section 2 presents prior relevant researches in the area, followed by the technical background of our own research in Section 3. The results and findings of our work are detailed in Section 4, and concluded in Section 5.
Related work
Projection-based light field displays emit light rays from a multitude of locations, originating from a large number of optical engines. As these light rays cross the projection screen, the hit points might not necessarily be at discrete positions on a regular grid; in practice, the light rays are hitting the screen at irregular positions, rendering the notion of resolution as used in case of 2D displays inapplicable. Also, the total angle in which light rays are emitted from the screen surface determine the viewing angle of the display, that is, the angular range from which viewers can observe the image from. Both of these factors have a strong effect on the perceived 3D image quality, as noted by Bowman et al. [6] , who listed field of view and spatial resolution as important quality characteristics of display devices when used as part of 3D user interfaces.
Previous work in this topic discusses the estimation of resolution of lenticular lens-based multiview displays, such as the work of Boev et al. [7] who use frequency domain analysis of the response of the display given to specific sinusoidal test patterns. The work of Boher et al. [8] addresses the creation of measurement equipment that can be used to precisely characterize 3D displays. These measurement tools have been commercialized, however, they are designed to work with multiview displays, and are not applicable to light-field ones.
The International Display Measurement Standard [9] created by the Society for Information Display provides procedures and guidelines for measuring the resolution of light field displays from a single point of view, but it does not discuss how the measured resolution affects the perceived quality. We have also seen in previous works that the stereoscopic effect and stereoscopic image resolution both improve the feeling of presence when performing remote navigation tasks [10] . 
Research setup

Investigated resolutions
The pair comparisons were performed for the following source image resolutions (not to be confused with final resolution):
Final resolution is taken on a regular grid per optical module, and is the overall pixel count emitted from the optical modules. This is independent of the source resolution. The resulting light field, however, is irregular and uneven due to the optical properties of the screen and the manufacturing process. The calibration process required to compensate for physical inaccuracies and irregularities mixes up the pixel taken from the regular grid of the source image. The optical properties of the screen generate a light field that has continuous transitions horizontally (the pixels are blended horizontally with overlapping Gaussian distributions). Therefore resolution is viewer-position-dependent, irregular and not discretized. It is very hard to measure and it cannot be compared to resolution on 2D displays in the traditional sense.
Subjective pair comparison
Subjective assessment data was collected on a 5-point Degradation Category Rating Scale (DCR) [11] :
 Imperceptible  Perceptible but not annoying  Slightly annoying  Annoying  Very annoying All possible combinations were evaluated, including selfcomparisons, during which no perceptible difference is expected. Due to the type of the scale, the reference stimulus always had equivalent or higher resolution. With 5 selected resolutions, this means 15 pair comparisons in total (2160p was paired 5 equivalent or lower resolutions, 1080p was paired with 4 equivalent or lower resolutions etc.).
Research measurement environment
The measurements were carried out in a controlled environment, with lighting conditions of 25 lux. The images were displayed on a projection-based light field display, namely a HoloVizio C80 3D cinema system [12] , which has 40 degrees of horizontal viewing angle and brightness of 1500 cd/m 2 . A total of 20 test participants completed the evaluation task, with the average age of 26.
The participants were not fixed to a single viewing position, but could view the stimuli from different angles and distances, before making assessment. The closest they could go to the 4-meter-wide display was 4.6 meters, and this was also a mandatory distance from which each stimulus was to be observed, before increasing the viewing distance by 2 meters at most (see Figure 1) .
Test stimuli
The previously specified 15 pair comparisons were tested on 3 source image sets -rendered directly in the given resolutionsso each test participant had to provide 45 DCR scores. These light field images were created by rendering the scene to a virtual camera array, using 180 camera positions. The source images -referred to as stimuli -were converted (resampled) to the display's light field. Stimulus A was a collection of simple shapes with plain-colored textures, stimulus B had more complex texture and stimulus C had a fine-detailed structure (see Figure 2 ). 
Subjective test structure
Each source was first introduced to the test participant in the reference resolution of 3840x2160 (which was not paired with any other and was not to be assessed), and then the test cases were evaluated in a random order. The test cases were clustered, meaning that the random pair comparisons were organized by source. The observer was notified every time the displayed image had changed, since images in the comparison pairs were not displayed next to each other simultaneously, but were shown directly after each other.
A single image was shown for 10 seconds, and subjective evaluation of quality degradation had approximately the same duration, so the total duration of an assessment measurement was around 25 minutes for a test participant.
The test participants were not given any information about the stimuli; not only image resolution, but other parameterse.g. brightness or angular resolution -were unavailable to the participants as well.
Results
Overall analysis
Based on the information provided in the research setup, a total of 900 DCR scores were collected (20 participants providing 15 scores each for 3 stimuli). The mean scores (see Figure 3 ) offer a quick glimpse at the results of the pair comparisons, however, their interpretation should not be confused with the Mean Opinion Score (MOS) of Absolute Category Rating (ACR) scores [11] . The diagonal values indicate that self-comparisons suffered an extent of distortion -which is approximately the same for all, a tad lower at higher resolutions -meaning that some participants experienced perceptible differences, even though the compared stimuli were identical. It can also be seen that shifting between the top 3 does not reach "slight annoyance" in general.
A better insight can be obtained observing the score distribution (see Figure 4) . Each comparison was assessed 60 times during the measurement, since 20 test participants evaluated 3 stimuli. The first thing that can be observed -as suggested by the mean scores -is that self-comparison is far from optimal; more than one fourth of these test cases were given scores reflecting perceptible degradation. This can be explained by the fact that one third of all comparisons were identical (5 self-comparisons), and also some comparisons contained no noticeable difference, depending on the individual of course. In these cases perception should not be able to distinguish images, however, since the test participant expects to see differences, the preconception overwrites perception and allows degradation to be seen [13] [14] , according to the dissonance reduction during cognitive dissonance [15] . The level of such degradation may be above Just Noticeable Difference (JND), and can even result annoyance ("Slightly annoying" and "Annoying" scores).
Throughout the measurement, 40 out of 60 times the test participants were not able to distinguish 2160p and 1080p, and this number is 20 when compared with 720p. The comparison with the lower resolution invokes annoyance to considerable extents, but even in the evaluation of the difference between 2160p and PAL, nearly half of the scores are "Imperceptible" and "Perceptible but not annoying". Comparing 2160p with itself and with 1080p resulted in very similar scores, meaning that the cognitive biases in the self-comparison of 2160p and the actually perceivable difference between 2160p and 1080p (plus any bias) have the same effect on experienced quality.
It is interesting to see that the comparison of 2160p and 720p, and of 720p and PAL have a rather similar score distribution. Also, it is apparent that the higher the resolution is, the harder it is to distinguish adjacent resolutions and the more tolerable the perceived difference is.
Individual analysis per source
The results for stimulus A (see Figure 5) and B (see Figure 6 ) show some similarities in general, especially at higher resolutions; in fact, the scores of the 2 highest resolution comparisons (2160p/2160p and 2160p/1080p) are almost exactly the same (a difference of a single quality comparison rating). Regarding these test cases, it is quite intriguing to see that comparing with 1080p actually received better scores than the self-comparison of 2160p. Based on these scores, it can be stated that there is no perceivable difference between 2160p and 1080p, at least for these sources. More significant dissimilarities between A and B can only be found at lower resolutions, with differences between resolutions easier to detect during the comparisons of stimulus A. This implies that the uniform straight object edges in stimulus A gained more attention during resolution reduction than the textures of stimulus B.
As for stimulus C (see Figure 7) , even though the selfcomparison of 2160p is the same as for A and B, results differ when compared with 1080p. In general the scores given for stimulus C present a notable increase in sensitivity towards resolution reduction compared to the other stimuli. While in case of 2160p/1080p and 1080p/720p, 75% of the test participants deemed the difference to be "Imperceptible" for stimulus A and B, half of the scores for test case 2160p/1080p was perceptible for stimulus C, and only 3 out of 20 times was the reduction in 1080p/720p undetected. The mean scores of the measurement (see Figure 3) indicate that the comparison of 2160p and 720p is assessed to be "Perceptible but not annoying", half of the scores of stimulus C have some extent of annoyance. The reason for the more penalizing evaluation of stimulus C is the detailed structure of the object; fine structural details get blurry or vanish during resolution reduction. The tendencies and relations between test cases follow the patterns of stimulus A and B, but in general the differences are easier to detect and cause more irritation at the user side.
In general, the measurement provided a great diversity in DCR scores; specific test cases were rated with all possible assessment values, meaning that while the difference was very annoyable for one person, it remained unseen for another.
Conclusions
The paper has presented the results obtained from the subjective assessment of perceivable differences during image resolution reductions for light field displays. The performed image comparisons with the considered rendered content indicate that on such displays 2160p and 1080p resolutions are either hardly distinguishable or distinguishable but completely tolerable. We can also conclude that 720p is an adequately good resolution for specific use cases, since the difference can be rather hard to tell from higher resolutions. Our findings also include that even the lowest resolutions can be acceptable, as only half of the test observers found it considerably annoying in comparison with the highest available resolution. Further results, separately for source images, show that the structural complexity of displayed objects is significantly more determining in the subjective evaluation of resolution degradation than textures, increasing sensitivity towards differences and thus enables a higher level of overall annoyance. Our future work shall take angular resolution into consideration as well, which is responsible for continuous motion parallax.
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